Future 21 cm intensity mapping surveys such as SKA will provide precise information on the spatial distribution of the neutral hydrogen (HI) in the post-reionisation epoch. This information will allow to test the standard ΛCDM paradigm and with that the nature of gravity. In this work, we employ the SHYBONE simulations which model galaxy formation in f (R) modified gravity using the Illustris-TNG model, to study the effects of modified gravity on HI abundances and power spectra. We find that the enhanced growth low-mass dark matter halos experience in f (R) gravity at high redshifts alters the HI power spectrum and can be observable through 21 cm intensity mapping. Our results suggest that the HI power spectrum is suppressed by ∼ 13% on scales k 2 h Mpc −1 at z = 2 for F6, a f (R) model which passes most observational constraints. We show that this suppression will be detectable by SKA1-MID with 1000 hours of exposure time, making HI clustering a novel test of gravity at high redshift.
I. INTRODUCTION
Our standard model of cosmology -the Λ Cold Dark Matter model (ΛCDM) -has proved very successful in describing almost all currently-available observational data of the Universe. Its underlying theory of gravity, Einstein's General Relativity (GR), has been tested to remarkably high precision on small scales [1] . In recent years, in the wake of high-precision astronomical observations, tests of GR on cosmological scales have become possible and commonplace as well [2] , although until now these tests have primarily focused on comparatively high-mass objects and low redshifts (e.g., [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ). Due to the screening mechanisms which many alternatives to GR employ to pass the stringent Solar System tests, these objects are less suited to distinguish GR from alternatives, generally called modified gravity (MG) theories with screening mechanisms.
As a representative example, we consider one of these MG models in this paper, f (R) gravity [13] . We nevertheless expect our conclusions to hold qualitatively for general thinshell screening [14] models. f (R) gravity is a generalisation of GR which alters cosmic structure formation through a factor-of-4/3 enhanced gravitational force. We adopt the popular model proposed in Ref. [15] , which, under certain conditions of the free parameters of the model, can produce an expansion history of the Universe very similar to that predicted by the ΛCDM model. It also employs the so-called chameleon screening mechanism [16, 17] to ensure that the modifications to gravity are suppressed and a GR-like behaviour is recovered in high-density regions like the Solar System. The model examined here has been widely studied using numerical simulations [9, [18] [19] [20] [21] [22] [23] [24] . In this work we consider two variants of f (R) gravity [15] : F6 and F5, with model parameters f R0 equal to −10 −5 and −10 −6 , respectively (see Section II A). Although the constraints from our local environment are * matteo.leo@durham.ac.uk very tight, as already mentioned the previous constraints from cosmological scales are much weaker since the objects used in these tests are generally more massive and well screened. This suggests that we should study low-mass objects, which are less likely to be screened and experience larger deviations from GR, in order to obtain stronger constraints in cosmology. However, a major challenge here is the difficulty to accurately detect and trace such objects in observations even at low redshifts.
In this work, we propose a novel test of gravity at intermediate scales and high redshifts (z ≥ 2) using the distribution of neutral hydrogen in our universe which will be observable in 21 cm experiments (current and future instruments of this kind include SKA [25] , MeerKAT [26] , LOFAR [27] , CHIME [28] and BINGO [29] ). 21 cm mapping of neutral hydrogen can be used to trace the underlying matter distribution [30] [31] [32] [33] and with that the low-mass halos in the Universe (as suggested in [34] ). In order to determine how possible deviations from GR would affect the HI distribution, we employ a set of full-physics hydrodynamical simulations of f (R) modified gravity. Comparing the f (R) simulations to their ΛCDM counterparts allows us to quantify the size of the effects due to MG in HI observables (such as the overall neutral hydrogen abundance and the HI power spectrum), and to assess if these effects will be observable with future 21 cm intensity mapping experiments. HI clustering has been proposed as a probe for a number of non-standard cosmological models, e.g. massive neutrinos, warm DM, dark energy and modified gravity [35] [36] [37] [38] [39] , but this study reveals new features, thanks to the high resolution of our simulations. This paper will be structured as follows. In Section II we briefly describe the two variants of f (R) gravity used in our analysis and the suite of hydrodynamical simulations employed to measure the HI abundance and clustering. In Section III, we show and discuss the main results of this paper, including the overall neutral hydrogen density (III A), the HI abundance in halos (III B) and the HI power spectra in real and redshift space (III C). Additional tests to explain the physics behind our results are performed and discussed in Section III D, and observational forecasts from future 21cm intensity mapping experiments are discussed in Section III E. Finally, we conclude our findings in Section IV.
II. THEORETICAL MODELS AND SIMULATIONS
In this section, we describe the models studied here and the full-physics hydrodynamical simulations used for our analysis.
A. f (R) gravity f (R) gravity is a popular class of MG models that modify the Einstein-Hilbert Lagrangian density by adding a scalar function f (R) to the the Ricci scalar R [13] . By an appropriate choice of the parameters, the theory can reproduce the late time expansion history of a ΛCDM universe without explicitly adding a cosmological constant Λ (although the accelerated expansion in these theories is achieved via some form of quintessence/cosmological constant and is not due to the modification of gravity itself [40] [41] [42] ).
The action for the f (R) gravity can be written as
where G is the gravitational constant, g is the determinant of the metric g µν and L m is the standard matter/radiation Lagrangian density. The simulations considered here employ the weak-field and quasi-static limit (see [43] for more details on the validity of these approximations), so that the equations of motion obtained by varying the action (Eq. (1)) can be simplified to a (modified) Poisson equation and an equation for the scalar degree of freedom, f R ≡ df (R)/dR (the so-called scalar field),
where δρ ≡ ρ −ρ and δR ≡ R −R are the matter density perturbation and the Ricci scalar perturbation, respectively (and ρ andR are their background values).
The Hu-Sawicki (HS) variant of the theory considers [15] ,
where m is the mass scale of the model, m 2 ≡ Ω m H 2 0 , H 0 is the Hubble constant, Ω m is the total non-relativistic matter energy density at present time in units of the present day critical energy density of the Universe, ρ c0 ≡ 3 H 2 0 /8πG, and c 1 , c 2 are model parameters. We choose n = 1 hereafter. Furthermore, if we tune the parameters c 1,2 such that
the model gives a cosmic expansion history which is very close to that of a ΛCDM universe [15] . Ω Λ in the above represents the cosmological constant energy density in units of ρ c0 for a ΛCDM universe; in the case of f (R) gravity, Ω Λ still enters in the theory as a parameter. The scalar field f R can then be approximated as
and its background evolution can be expressed in terms of the background Ricci scalarR,
whereR 0 is the value of the Ricci scalar today and
The theory is then fully specified by Ω m , Ω Λ and the presentday value of the background scalar field,f R0 , which is the only remaining free parameter of the theory. In order to not violate the stringent constraints on gravity in our local environment [1] , the theory employs the abovementioned chameleon screening mechanism [16, 17] , to suppress modifications to gravity in high density environments, restoring GR within these regions. The transition between screened and unscreened regimes depends on the choice of f R0 . In f (R) gravity the speed of gravitational wave (GW) is equal to the speed of light and the model passes recent constraints from GW observations [44] , making it one of the leading viable alternatives to GR.
Here we consider the F5 and F6 variants of f (R) gravity, wheref R0 is equal to −10 −5 and −10 −6 , respectively. In F5, the effects of MG are stronger than F6 and this model is now ruled out by observational constraints [12] (see also [45] for a review about the recent constraints on chameleon gravity). However, it is used here as a toy model to assess the effects of a stronger deviation from GR on the HI distribution. The F6 model is consistent with most observational constraints. An interesting characteristic of the chameleon screening is that this mechanism becomes inactive first for small structures and successively unscreens more and more massive objects and denser environments at later times. At high redshifts, low-mass halos become unscreened and by observing these structures we could, in principle, constrain f (R) deviations from GR. As we will see in the next sections, 21 cm intensity mapping is sensitive to the abundance of halos down to 10 9 M , making it a very promising probe of differences in the low-mass end of the halo mass function, without requiring to detect individual halos.
B. Full-physics simulations in MG
In order to understand how modifications to standard gravity affect the 21 cm signal, we analyse the SHYBONE simulations [46] , a set of high-resolution full-physics hydrodynamical simulations in HS f (R) gravity carried out with the AREPO simulation code [47] . They include two groups of simulations: a large box set with size L = 62 h −1 Mpc (S62, hereafter) and a small box with L = 25 h −1 Mpc (S25, hereafter), both with roughly 2×512 3 resolution elements. The S62 simulations have a mass resolution of m DM = 1.3 × 10 8 h −1 M for DM-particles and roughly m gas = 2.5 × 10 7 h −1 M for gas cells and they have been run for GR, F6 and F5 up to z = 0. The S25 simulations have a mass resolution of m DM = 8.4 × 10 6 h −1 M and m gas = 1.6 × 10 6 h −1 M and have been run for the same three models up to z = 0 for GR and F6 and up to z = 1 for F5 (the enhanced gravitational interactions in the F5 model increase the computational cost of the simulations considerably compared to the GR counterpart). S25 has a higher resolution, but its smaller box means that we inevitably lose the information of large scale modes and massive halos (see discussion in the next section). The S62 suite features also DM-only counterparts for the runs, which will be used to compare the halo mass function from full-physics and DM-only simulations below. All the simulations use the Planck 2016 [48] The simulations considered here use the Illustris-TNG hydrodynamical model [49] [50] [51] [52] [53] [54] [55] [56] [57] incorporating a prescription of star and black hole formation and feedback, gas cooling, galactic winds and magneto-hydrodynamics on a moving Voronoi mesh [53, 57] . The equations for the fifth force in f (R) gravity are solved to full non-linearity in the Newtonian limit by the modified gravity solver in the code [46] , fully capturing the effects of the chameleon screening mechanism.
To calculate the neutral hydrogen fraction in each Voronoi cell, we follow the prescription in Section 2.2 in [34] . For non star-forming gas, we use the neutral hydrogen fraction calculated on-the-fly in the simulations. For star-forming gas, we post-process the outputs, recalculating the neutral hydrogen fraction in each cell by assuming a temperature of T = 10 4 K and following the approach in [58] to take into account selfshielding corrections. The post-processing gives the total fraction of hydrogen that is non-ionised: atomic (HI) and molecular hydrogen (H 2 ). As we are only interested in HI, we calculate and subtract the fraction of H 2 in each Voronoi cell as in [34] .
III. RESULTS

A. Overall neutral hydrogen density
In Fig. 1 we show the overall neutral hydrogen density measured from the S62 (in the range 0 ≤ z ≤ 3 for all models) and S25 (in the range 0 ≤ z ≤ 5 for GR and F6 and 1 ≤ z ≤ 5 for F5) simulations. We follow the common definition for the overall HI abundance, Ω HI (z) =ρ HI (z)/ρ c0 , whereρ HI (z) is the mean HI density in our simulations at a given redshift and ρ c0 is the present-day critical density as defined above. We also show some measurements of the HI abundance at different redshifts from [59] [60] [61] [62] [63] .
Before commenting on the difference between the mod- els, we remark first that in Fig. 1 the HI abundances (for each model) predicted from S25 are higher (and then more in line with the observations) than those measured from the lowresolution S62 (as was first noted in [34] by comparing the low-and high-resolution TNG simulations). This discrepancy between the two simulations can be understood as follows. The neutral hydrogen in the post-reionisation epoch is concentrated in halos where the shielding effects screen them from ionisation and it was shown (see e.g. [34] , but see also next section) that there is a significant amount of HI in halos with masses as low as 10 9 M at z ≤ 5. This implies that resolving these halo masses in simulations is essential to measure the HI abundance accurately. However, because of its lower resolution, S62 do not fully resolve halos with masses < 10 10 M , and therefore predict a lower value for the HI abundance at all redshifts considered in this analysis. On the other hand, S25 can resolve halos down to 6×10 8 M , and therefore produces more reliable results on the HI abundance. However, we note that because of their small boxsize, we do not have statistically robust sample of halos with masses 10 12 M in S25. This explains why our high-resolution simulations predict slightly lower HI abundances at z ≤ 5 than those measured in [34] for GR using the TNG-100 simulation (performed in a box of comoving length L = 75 h −1 Mpc at the same resolution as S25).
Regarding the differences between f (R) gravity and GR, in S25 the ratios of Ω HI (z) wrt GR (solid lines in the lower panel of Fig. 1) show a similar trend in F6 and F5. Indeed, in both models, Ω HI is similar to GR at high redshifts, is larger than GR at intermediate redshifts (with an enhanced peak in the ratios wrt GR at z = 1 and z = 2 for F6 and F5, respectively) and falls below the GR values for z < 1. Overall, we find that HI is ∼ 5% (18%) more abundant in F6 (F5) than GR at z = 3. At z = 2 there is ∼ 12% (22%) more HI in F6 (F5) than GR, while at z = 1 we have more HI in F6 than F5 and GR. This behaviour can be understood as follows: At high redshifts (z 4-5), the effects of modification of gravity on the matter and halo distribution are small for the models considered here, therefore F5 and F6 both behave similarly to GR. At intermediate redshifts (z = 2 ∼ 3), low mass halos in F5 and F6 become unscreened and experience enhanced growth, leading to enhanced abundances of these low-mass objects compared to GR. Since neutral hydrogen can survive only in self-shielding halos, this implies that in F5 and F6 there are more HI-hosting halos than in GR, and consequently larger total HI abundances. At low redshifts, baryonic effects become important. At these redshifts, we suspect that processes of gas heating can be more efficient in MG than in GR, reducing the overall HI abundances in F5 and F6 compared to GR. A closer examination of Figure 1 suggests that F6 behaves as a 'retarded' version of F5, with the maximum enhancement wrt GR shifted to lower redshifts. This is expected since in F6 the MG effects turn on later than in F5.
B. HI mass in halos
In this subsection, we discuss the halo HI mass function, i.e. the average HI mass enclosed in halos as a function of the halo mass. In the post-reionization epoch the majority of HI resides in halos. An accurate knowledge of the halo HI mass function can therefore be used to predict the HI power spectrum in real and redshift space without requiring the full hydrodynamical simulation apparatus, but instead by painting the HI on top of dark matter halos from DMO simulations, see [64] . This technique has been applied to extract information on the HI power spectrum for non-standard cosmological models of dark matter and dark energy [35] [36] [37] .
Here, for each halo in our simulations we measure the enclosed HI mass. The halos are identified using the SUBFIND [65] algorithm implemented in AREPO. The halo mass M halo is defined as M 200 , the mass contained in a sphere of radius r 200 , within which the average density is 200 times the critical density at the specified redshift. In Fig. 2 , we plot the HI mass as a function of the halo mass for halos in the S25 simulations. As can be seen from this figure, on average the HI mass increases monotonically with the halo mass in each model considered in our analysis and this is in accordance with what was found in [34] . It also indicates that HI is present inside very low-mass halos, ∼ 10 9 M , which highlights the importance of the simulation resolution for estimating the HI clustering.
Following the trend of the halo HI mass function outlined above, in [34] the authors identified a fitting function, . In order to account for the fact that at larger masses the halo sample is much smaller, we divide these two sub-ranges into 40 and 9 bins respectively, calculate the mean and variance of log(M HI /M ) in each bin, and use a minimum-χ 2 method to find the best-fit parameters. We find that this function remains a good fit to our simulations for all the models studied, see Fig. 2 . The best-fit values for the free parameters {M 0 , α, M min } are shown in Table I for z = 2 and z = 3 and for GR, F6 and F5.
In Fig. 2 , we also compare our best-fit curve with that taken from [34] in the GR case (cyan dotted lines). As we can see, the fitting results agree very well at z = 2 for the entire halo mass range. At z = 3, our result is again in good agreement with [34] for M 200 5 × 10 9 M , while disagreeing slightly at lower masses. This can be due to differences in the details of the fitting procedure or due to cosmic variance because of our small simulation box.
A quick comparison of our results with Fig. 4 in [34] shows that, because of their small box size, our high-resolution simulations do not contain halos more massive than ∼ 10 12 M ; this can explain why our total HI abundances (see III A) are slightly lower than those found in [34] . It is nevertheless possible to correct the total HI abundance in our simulations for the missing contribution from high mass halos, Ω corr HI . Given the expression for the total Ω tot HI in the Universe (assuming that all HI is contained in halos):
where dn halo /dM 200 is the halo mass function (HMF) and M HI (M 200 ) is given by Eq. (8), the missing HI in the simulations can be estimated from,
M cut 200 is the maximum halo mass in the considered simulation, while the HMF is estimated using the approach in [66] . Eq. (10) gives an approximate evaluation of the HI fraction in large halos which are missing in S25, Ω from our simulations (c.f. Fig. 1 ) brings the total Ω HI in very good agreement with that found in [34] . As mentioned already, the above fitting results for the halo HI mass function can be used to model the HI distribution in DMO simulations, without re-running computationallyexpensive high-resolution hydrodynamical simulations, but using a halo occupation distribution (HOD) technique applied to HI (see e.g. [64] for more details).
C. HI clustering
In the previous subsections, we have focused on the overall HI abundance and the halo HI mass function. Although these quantities give useful information on the total HI in our simulation boxes and on the HI inside each halo, they do not directly describe the HI distribution and clustering. To understand the differences in the matter clustering of HI, we now analyze the HI power spectrum.
We calculate the HI power spectrum P HI (k) in redshift space from the simulation outputs using a cloud-in-cell (CIC) density assignment scheme ( [67, 68] ), while the HI power spectra in real space taken from our work in [46] are shown for comparison. In the left and central panels of Fig. 3 , we demonstrate the measured power spectra for the HI overdensity, ρ HI /ρ HI , whereρ HI is the mean HI density defined above. We show the P HI (k) results measured from both S62 (dashed lines) and S25 (solid lines) simulations. The overall effect in F6 and F5 (seen in both the low-and highresolution simulations and in both real and redshift space) is a scale-dependent reduction of the clustering power wrt GR. However, the results for the high-and low-resolution simulations do not converge at the scales probed by the simulations. As mentioned above, the disagreement in the results from S62 and S25 reflects the lack of resolved small halos with M 200 < 10 10 M in the former. For this reason, in what follows we will only consider the S25 simulation re- These real-space power spectra are taken from Ref. [46] . Central panels: Same as left panels but for the redshift space HI power spectra. The cyan shaded areas in the lower sub-panels represent the expected errors from SKA1-MID measurements for GR, assuming 1000 observing hours. The errorbars are calculated using the GR redshift space power spectrum measured from S25. Right panels: Differential halo mass functions as shown in [69] , for comparison. Solid (dashed) lines show the results from full-physics S25 (S62) simulations. Symbols indicate the results from DMO S62 simulations. The lower subpanels show the relative differences from GR.
sults. For the redshift-space power spectrum, we find that at z = 3 the F6 (F5) P HI, redshift (k) is suppressed by 8% (14%) for k ∼ 2 h Mpc −1 , and it is more suppressed at higher wavenumbers. At z = 2, for F6 (F5) it is suppressed by 13% (18%) wrt GR for k ∼ 2 h Mpc −1 . Similar trends can be found for the real-space power spectrum. It is interesting to note that at z = 2 the F6 P HI, real (k) is slightly more suppressed than that for F5 at all the wavenumbers probed by our simulations, while at z = 3 the P HI, real (k) for F5 is the most suppressed among the three models considered here.
To explain these results, in the right panels of Fig. 3 , we compare to the HMFs of the SHYBONE simulations from [69] . In the case of S62, we show the HMFs for full-physics (dashed lines) and DMO (symbols) simulations, while for S25, we show only the full-physics ones (solid lines). The ratios wrt GR for F5 and F6 measured from full-physics S62 and full physics S25 agree very well for halos with masses > 3 × 10 10 M . However, due to the lower resolution of S62 (halos with M 200 ∼ 10 10 M contain roughly 50 DM particles), the HMFs disagree at lower masses. Since halos with 10 9 M < M 200 < 10 10 M can host appreciable amounts of HI [34] , this further explains why the ratios of the f (R) HI power spectra wrt GR for the large box do not agree with those measured from the small box.
Analysing the behaviour of the HMF ratios, we find that at z ≥ 2 F5 and F6 are characterised by more low-mass halos (M halo 10 12 M ) than GR. As HI can survive only in halos where the shielding effects prevent it from ionisation, in MG there are more hosts for HI than GR. Therefore, our interpretation of the behaviour of the HI power spectra in the different models is that it primarily reflects the differences in the HMFs of these models (though these models also have different halo density profiles [70] which could impact on the HI distribution as well), with f (R) gravity being able to turn more low initial density contrast peaks into halos. Given that low initial density peaks are less clustered, HI, as a tracer of them, has a lower clustering amplitude in f (R) models compared to GR.
Regarding the HMFs measured from the DMO and fullphysics S62 simulations, an interesting observation is that galaxy formation has a non-negligible impact on the HMF, but a comparison of the dashed lines and symbols in the lower subpanels of the HMFs shows that the relative difference in the F6/F5 and GR HMFs is unaffected by baryonic physics for M halo 3 × 10 10 M at z = 2 and 3. At lower masses, we suspect that the differences between the full physics and DMO results are due to resolution effects.
D. Additional tests
To further check the above results about the different behaviour of P HI in MG and GR, we have carried out two more tests. Fig. 4 compares the HI power spectrum (the actual P HI ) in real space with a halo HI power spectrum, P HI, halo , calculated by assuming that for each halo all the HI contained in it is at its centre. As the figure shows, the ratios of P HI, halo for k < 2 h Mpc −1 are very similar (within a few %) to those from the actual P HI , confirming that the model differences in P HI at large scales are determined by halo clustering. However, at even larger k, the P HI, halo results start to deviate from the actual P HI because the former do not account for the spatial distribution of HI inside the halos (see e.g. [34] ), and this affects the ratios wrt GR. Since the differences in the actual power spectrum between the models closely follow those in P HI, halo at large scales, we can conclude that the HI distribution is more sensitive to the clustering of halos than to baryonic effects at these scales. As we can see from Fig. 4 , the above result is true for both simulation set-ups, including S62. Since in S62 we do not have accurate information on the clustering of halos with masses < 10 10 M , inevitably the HI power spectrum results for these low-resolution simulations are not accurate and tend to deviate from their high-resolution counterparts. To further show the importance of simulation resolution for accurate predictions of HI, Fig. 5 displays the number density of halos with HI mass M HI ≥ 10 6 M (i.e. the halos that contribute significantly to P HI ). First, we can see that in the case of S25 the number of HI-rich halos increases with decreasing halo mass and peaks at a certain mass scale M , the number of HIrich halos decreases, although the halo mass function keeps increasing. As the S25 simulations well resolve halos with masses smaller than M peak 200 , the peak in the HI-rich halo abundance is well-resolved and we conclude that these simulations are good enough to predict the HI abundances and clustering.
Regarding the overall low mass HI-rich halo abundance (for S25) we find that at z = 3 there are more in F5, F6 than GR, confirming that HI is distributed in a less clustered way in these MG models. At z = 2, the number of HI-rich halos in F6 is slightly larger than that in F5 for halo masses 2×10 9 M , which may explain why the HI power spectrum is a little more suppressed in F6 than F5 at z = 2. In the case of S62, the peak mass ) is likely to be a resolution effect. Another interesting observation from Figure 5 (see the results for S25 in the low panel) is that the HI-rich halo abundances for F6 and F5 are very similar at z = 2 and 3. This explains why we find a very similar degree of suppression in the power spectra of these two models in the previous subsection. This behaviour of the HI-rich halo mass function can be understood as follows. As was mentioned above, F5 is able to turn more initial density peaks into halos than F6, and
TABLE II. The integrated S/N ratios for distinguishing a MG model from GR using redshift-space PHI(k) with kmax = 2 h Mpc −1 , with
is the expected 1σ error from SKA1-MID for 1000 hours, while kmin is set by the value of the box length L = 25 h −1 Mpc of our highresolution simulations, kmin = 2 π/L. The above results are calculated using the redshift-space HI power spectra measured from S25 only.
so one would naively expect that in F5 we always have more HI-rich halos than F6. However, continuously increasing the strength of MG cannot increase the number of low-mass halos infinitely due to increased merger rates. Moreover, the HI available to form inside halos is also limited. Fig. 5 suggests that there is an upper limit on the number of HI-hosting halos that can be produced and increasing the strength of gravity will not help to increase the HI halo abundances beyond this 'saturation point'. This is particularly evident from the results at z = 2, where F5 and F6 have nearly identical distributions. This is interesting because two models with very different MG strengths, such as F6 and F5, can end up experiencing the same constraint.
E. Observational forecast
To understand to what extent future experiments can distinguish F6/F5 from GR by using P HI in redshift space, we estimate the 1σ errors on the power spectrum expected from the instrumental noise of SKA1-MID radio telescope [25] for GR, following the method in [35] [36] [37] 71] and using the realistic baseline densities computed in [32] . We compute the expected 1σ errors for 1000 observing hours, as shown by shaded areas in the central lower subpanels of Fig. 3 . The errorbars are calculated using the GR HI power spectrum in redshift space measured from the high resolution simulation. Comparing the errors with the P HI ratios wrt GR in redshift space (solid lines), we find that F6 and F5 can be both distinguished from GR at z = 2 and for k < 2 h Mpc −1 by using a 1000-hour integration. The integrated signal-to-noise (S/N) ratios for distinguishing MG to GR are shown in Table II for the two redshifts considered in this analysis.
IV. SUMMARY AND CONCLUSIONS
Chameleon-type MG models such as f (R) gravity have the particular property that chameleon screening becomes inefficient first for small structures (and underdense environments), and then move to massive objects (and dense environments). As a consequence, the HMF is enhanced early on at the lowmass end (cf. Fig. 3 ) while the high-mass end is boosted by the fifth force at low redshift. To date, cosmological probes proposed to test such models are primarily at low z, focusing on either large objects [3] [4] [5] [6] or low-density regions [7] [8] [9] [10] [11] . Due to more efficient screening there, the constraining power from massive objects is limited, and stronger constraints can be achieved if we are able to identify and trace low-mass objects in observations, which is more challenging. [72] shows that high-density galaxy catalogues, such as the main galaxy sample from SDSS [73] or the bright galaxy sample from DESI [74] , can be used to probe the clustering of small (sub)halos, offering a potentially stringent test of this class of models, but still at low z.
The fact that the low-mass end of the HMF can be modified by MG at high z (z ∼ 2, 3) suggests that constraints could be achieved by tracing the abundance and clustering of small halos at high z. 21 cm intensity mapping is a very promising probe, which is sensitive to the abundance of halos down to ∼ 10 9 M [34] while not requiring to detect individual halos. Here, we addressed the effects of two variant (F6 and F5) of the f (R) model on the neutral hydrogen distribution and clustering. To extract information on HI in MG, we analyzed the results from the SHYBONE simulations, a suite of high-resolution full-physics hydrodynamical simulations carried out with the AREPO code using the Illustris-TNG galaxy formation model. Our results can be summarised as follows.
• The ratios of the overall HI abundance wrt GR follow a similar trend for F6 and F5. Both models predict similar Ω HI as GR at z 4. At lower redshifts, the ratios increase, reaching a maximum enhancement at z = 2 and z = 1 for F6 and F5 respectively before starting to decrease at even lower redshifts. The results from S62 are limited by the resolution, since these simulations do not resolve halos with masses M 200 10 10 M , which, we find, contain appreciable amounts of HI.
• The HI mass enclosed in halos for GR, F6 and F5 is well approximated by a fitting formula (Eq. (8)) proposed in [34] , which approaches a power law at high halo masses, while exponentially suppressed at low masses. We provide the best-fit values of the parameters of this formula for all the models considered here at z = 2 and 3. Our fitting curves for GR are reasonably in line with those found in [34] . These results can be used to model the HI distribution and clustering using DMO simulations by painting the HI onto the center of each dark matter halos.
• The HI power spectrum (both in real and redshift space) in F5 and F6 is suppressed wrt that measured from GR. This suppression can be detected in future 21 cm experiments such as SKA1-MID with 1000 hours of exposure time at a S/N ratio of ∼ 10 at z = 2 for both F5 and F6.
• The differences in the HI power spectrum closely reflect the differences in the HI-hosting halo abundances among the models. The halo mass functions in F5 and F6 are enhanced wrt GR at M 200 10 12 M , meaning that f (R) gravity is able to turn more low-density peaks into halos which host HI. Since low density peaks have less clustering, HI power spectra have lower amplitudes in MG than in GR. The above statement is corroborated by the analysis of the HI-hosting halo power spectrum, i.e. the power spectrum calculated assuming the HI in each halo concentrated in the halo center. This test shows that the HI power spectrum for k < 2 h Mpc −1 is more influenced by halo distribution and clustering rather than baryonic effects.
• The predicted HI distribution strongly depends on the resolution of the simulations. Indeed, as seen by looking at the abundances of HI-rich halos in our boxes (Fig. 5) , the S62 simulations are not able to resolve halos with M 200 10 10 M ; consequently we have no information on the HI inside such halos and these simulations are not able to give accurate statements on the relative differences in the HI power spectra for F6 and F5 wrt GR. The S25 simulations are instead able to resolve halos with M 200 10 9 M , predicting more HIhost halos than in the case of their low-resolution counterparts.
Our results indicate that 21 cm intensity mapping can be used to constrain f (R) gravity models. For F6 particularly, future 21 cm intensity experiments can likely offer one of the most stringent tests, and push the observational bounds on |f R0 | to 10 −6 . Although this seems promising, we note that the HI distribution depends on the underlying galaxy formation model chosen for the simulations. For example, it is well known that the HI distribution in the simulations is controlled by the wind feedback. While we expect the relative difference between the P HI in MG and GR to be relatively robust against changes to the wind efficiency, the absolute value of Ω HI in low-mass objects can be affected. It is therefore to be determined in future work how robust P HI is against changes in the feedback implementation. Note though that the strength of the feedback can not be changed arbitrarily as this would lead to tensions with other observables. Another important comment is that here we used the same galaxy formation model for GR and MG, i.e. the Illustris-TNG model. This model was tuned to reproduce key observables such as the stellar mass function, the cosmic star formation rate density, galaxy gas fraction and stellar mass fraction in GR. However, we have explicitly checked in [46] that for F5 and F6 a re-tuning of the subgrid parameters is not necessary as simulations for these models reproduce the observations within their errorbars.
Finally, measurements of the 21 cm signal can also give accurate information on the expansion history [75] [76] [77] -this can be used to break potential degeneracy between modified expansion history and structure growth; for example, viable f (R) models have practically identical expansion history as ΛCDM, but structures grow differently at high z as we saw.
